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PRELIMINARYPHOTOMICROGR.WHICSTUDIIiSOF FUEL

By DanaW. Lee and RobertC. Spencer
,.. .. ..“,,,., SUMMARY.‘,. . ~.

Fhotomicrographswere taJgenof fuel sprays

SPRAYS

.

injected.
into air at variousdensities-forthepurposeof studying
the spraystructureand the stagesin the atomizationof
the fuel. The photomicrographswere takenat magnifying
p’owersof 2.5,“3.25,and 10, ustng a sparkdisc?iargeof
ir’erysh.o”rtdurationfor illumination.The resultsindi-
c.a’tethat the theoryadvancedby Dr. R. A. Castleman,jr.’,
on the-atomizationof fuelin carh.zretorsmay”alsobe ap-

, plied to the atomizationof fuel spraysof the solid=
injectiontype.’.The’fuel leavesthe nozzleas d’%olid
column;2s”ruffledand thentorn”into smallj”lrre;gular:

\ 13.gamentsby the actiono.fthe air.-Theseli~amehts”:are
*hen quickl~’brokenup intodropsby the sur.$”acp””tension

4 of the fuel. Thephotomicrographsalso showthat the dis-
persionof a fuel sprayat a givendistancefrom the noz-
zle increaseswith an increasein the jet velocityor an
increasein the air density.. The firstportionsof fuel
spraysinjectedfrom w automaticinjectionvalveintoair
at atmosphericdensityhave a much greaterdispersionthan
tilelaterportions,but thisdifferencedecreasesrapidly
as the air densityis increased.

INTRODUCTION

In the courseof the generalresearchon fuel sprays
for compression-ignitionand spark-ignitionenginesof the
solid-injectiontype,much informationhas been gathered
aboutthe externalform of the sprays,theirpenetration
and dispersion,and aboutthe atomizationand distribution
of the fuelwithinthe sprays, From variousphenomenaob-
served,inferenceshave been drawnconcerningthe infernal
structureof.thgspraysand the natureof the atomization’ ~
probess. However,very littledire6tinformationhas been h

‘* availableconcerningthisprocess. .
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At the laboratoryof theNationalAdvisoryCommittee w

for Aeronautics,a largenumberof‘photomicrographshave
recentlybeenmade of fuel spraysfrom a varietyof noz-

.-

!zles-usedin fuel-injectionwork’.Theyr6vealdetailsof
spraystruc,ture.whichhad heretoforebeenunobserved,and
the truenatureof which”has been largelya matterof con-
jecture, Thepurpose.ofthisnote is to presenta few of
thesephotomicrographsaccompaniedby a briefdiscussion
of the results’obtained..Thework is beingcontinued,and” -5a more completeaccountof the resultswill be published --
later.

APPARATUSAND MXTHODS
t

A microscopewith cameraattachmentWaS used to !Xe.. ;_
photomicrograNhsat a magnifyingpower of 10-;cameialenses
mountedin the end’of”a 30X about2 feetlong gave satis-
factoryphotographsat magnificationsof 2-5 and 3.25.

—

In eachcase”the illuminationwas fmnished by a
sparkdischargeobtainedwith theelectricalcircuitde-
scribedin reference1. The sparkgap was placeddirectly *
behin~the spraysso thatthephotomicrographsare silhou-

P
.-

,etteso t
The nozzleswereused as part of an automaticinjec-

tionvalveand also as opennozzles. The injectionvalve
was operatedby the common-railfuel-injectionsystemof
theN.A.C.A,spray photographyapparatus. Synchronization
of the spark“andthe spraywas accomplishedby a rotary
iiiskswitchon ihe same shaftwith the cabs”thatcontrol
the injection. The sparkcouldbe made to occurat any
desiredstagein the development,ofthe sprayby changing
thephasingof the disk switchwith respectto the cam-
skaft. The spreysfrom the automaticinjectionvalvewere
injecte?lintoa glass-walledchamber,in which the air den-
sitycouldbe maintainedaboveor belowatmospheric.l?he
spraysfrom t,heopennozzleswere continuous,andwere al-
ways injectedintoair at atmosphericdensity,the fu6”!.
befng,supplied’unddr.p“ressurefrom a reservoirarrangedto
maintaina constantpressurefor severalseconds= In this
case the timing,of the sparkwas manuallycontrolled.The
opennozzleswe”reused ~ith injectionpressuresup to
1,000poundspor square‘inch,becausethe o~%rationof tho

.-

automaticinjectionvalvewas erraticat thisand lower
proasures. –6’-
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.... .
RESULTS-ANDDISCUSSION “.. ,.-,.

,.. --

The fact that the sprayswere photographedas silhou-
ettesshouldbe kept in mindwhile”studyingthe photomi~”
crographs,becausethe coreof the sprayisthe onlypart
dense&nou&hto registeron the films. Most of theminute
drops in the envelopeof the spraysurroundingthe core,.. .~ouldn-etbe”photographed. . .

It ‘wasfoundthat the fundamentalprocessesinvolved
in.tiies~tiayformationcouldbe betterobservedin photo’-’
micr’ogra~%s‘ofsp,raysin air at atmosphericdensitythan
in thosemade at higherai~ densities-Fine detailsof
sprhysin,de”r+seair were so obscured.bythe cloudof mist
surroundingthe core that clearphotographscould:notbe
obtained.‘Abetter interpretationmay be givento,.such
.photomicrographs”after studyingthosemade at air ttensi~
ties of one atmosphereor leos$,.. . ..

..
The resultsobtained.atatmosphericair.densityare

directlyapplicableto the caso of fuel injectionduring
the intakestrokein sparhignitlonengines, ~.-.., .

,.,-.
.’ ~ Spraysat Low,InjectionPressures .,..-

The photomicrographstakenat injectionpressuresbe-
low 1,000poundsper squareinch are of specialinterest
becauseof the clearnessof detailobtainableand the fact
thatat theselow pressuresthe disintegrationof the fuel
columnis slowerand the variousstagesare more distinot-
lY separated.

The photo~icrographspresent~.din this reportchow
that the behaviorof fuel spraysfollowsthe processout-
lined by Dr. R. A. Castleman,jr., of the Bureauof Stand-
ards. He saysin reference2, concerningatomizationby
carburetion,llTheactualprocessOf.atomizationSOC3RIS
rat”horsimplec A portion.ofthe >ar&emqss is caughtup
(say,at.a’pointwhere its,.iurf,acois ruffled)by the air
streamaqd,bqin’ganchoredat.th.qoth~rend, is drawnout
into a fino”ligainonti.

!?
is:liganontis quicklycut off by

tho rapidgrowthof a d ntiin its surface,and tho dotaohod
mass,being quitosmall,is swiftlydrawnup into a sphor-
tcaldrop.’fHo comparosllsolidllinjectionof fuel tO air-

stre.amatomization,and concludesthat the atomization
. .

.
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processesare similar,theformationof‘ligamentsbeing
controlledby the relativevelocitybetweenthe air and
the fuel in eachcase. “

The breakdownof a low-velocityliquidcolumninto
drops,which i,s“siui,larto the breakdownof-aligamentas
describedby Cast16man,is illustratedby Figure1, which
showsa streamof fuel injectedfrom a 0.020-inchorifice
at a ver,ylow pressureand consequentlya very low veloc-
ity; “ ““ ““-’“-”‘ . . ,“,,,,.

Th’ephotomi.crographsof Figure2 furnishmanyillus-
tr~.tionsof the formatio~of ltgamentsand theirbreakdoyn
intodrops. The appearanceof a constrfc~ion”inthe lig-””
amentjustpriorto’breakingoff is noticeablein a great
many of the photomicrographsthathavebeen“taken-Uany
dot~ilsobservalloofi.theor$gi.nal~ega$ive~,of which
about2,000havebeenmade~ard lost in theprocess6f ro-
product.ion,T~osimilarity%~tweenthephotomicrographs
of Figu?o2 tid th6-~hotographsmadq by Schcrabolof air-
stroamatomizationin a modolcarburetor(reference3) is
very striking~ .,, .., , ..

Figure3 sho’,7ssix stagesin thodovolopmentof a fuel
sprayinjectedat a low pressuretn~o the a~qosphore...ilo-
ticothe rufflingof the fuelcolumnnear tho nozzlo,which
growsin magnitudoas the distancefromthe nozzleie in-
cress’ed~At stillgreaterdistancesligamentsare formed
whichthen collapseto formdrops-. *

Effectof i~jectionPressure

Figure4 showsphotomicrograplis,taken5 inchesfrom
t& nozzle,of spraysinjectedinto,the atmosphereat va-
riousiajeotionpressures. They showthatthe disruption
of the fuel jet and thedispersionof the fuelparticles
increasedas the injectionpressureincreased.Ac prGs-
,s-~roeabowethososlitiwh,the dispersionis ,stillgroazor,
.Inittho cloudof‘fine:dropsin the envelopecausedtbj
photographto be blurredandunsuitahlofor reproduction.
:In the originalnegativestheformationof smallligaments
“,is‘very“no%iceahle“ovenat injection”press,urosof.19000
poundsper squaroinch and’htglior..

‘.
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InfluenceofAtr Density

As has been mentionedbefore,allphotomicrographs
takenat densitiesotherthanatraospheriashow spraysfrom
an automaticinjectionvalves As shownin Figure5, the
firstpart of a sprayfrom sucha valveis more widely
dispersesthanthe laterportions- Photomicrographsof
spraysinjecteainto air havingdifferenttlensitiesshowea
that thisdifferencein dispersiondecreasetlrapidlyas the
air tiensitywas increased.As the in#ectionprogresses
the dispersionbecamesimilarto that of continuoussprays,
azulphotomicrographsmade at the laterstagesareused in
someof the followingfigures.

Tho influenceof air aensityon the ai8persionof ful-
ly bvoloped spraysis shownby the photomicrographsin
Figure60 They showthatthe disruptionof the fueljet
and the CLispersionof the fuelparticlesincreasewith air
density.

When differentnozzlesof like destgnwere used to
producespraysin theevacuatetlchamber,it was fountlthat
the spraydispersionvarieagreatly. In some casesthe
sprayswere nearlyas well aispersedas when injecteainto
the atmosphere,but in othercasesthe dispersionwas very
slight,even at high injectionpressures. The differences
are thoughtto be due to irregularitiesin the nozzles,
In one case a nozzlethatgave a-well-dispersesspraywas
fouzulto have a slightirregularity,Afterit was polishes,
the sprayaspersion was less. As the air aensitywas in-
creased,the differenceIn the dispersionof spraysfrom
aifferentnozzlesdecreased,becomingvery slightat the
highervaluesused.

* Effectof Distancefrom the Nozzle

The photomtcrographsof Figure7 showhow the appear-
ance of a high-velocityspraychangesas it travelsaway
from the nozzle. The samestageswere more aistinctwith
a low-velocityspray. (Fig.3-)
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AgreementwithExperimentson SprayAtomization

Experimentshave been,pe,rforrnedat thislaboratory
(reference4) in whiqh tbefinalsizesattainedby the fu-’
el particlesin spray”swere determined~,Theresults .
showedt~at the,drop sizesdecreasedwith increasingJe”t
velocity’,but,~hat.changingthe densityof the air into
whichth’d~~~”wereinjectbdh-adno effect, E~eriments by
Sass”’(reference5) showedthe same resultsfur different
velocitie%j’but indicatedthatthendrop sizesdecreased
withtn”cr~hsingair density. The photomicrographsof Fig-
Ur:bs‘6and 7,shoti”that,at a givendistancefrom thenoz- “
zle,an’increasein the air densitycausesa very decided
increas~in the dispersion,and pro%ahlya decreasein the
meandrop siz,e.Substantiallythe sameresul.tsmayb8~.ob.-
tainedby keepin~the air density.constantand increasing
the distancefrom the nozzle. We may concludethat+tho’
atomizingprocesscontinuesas long as the jot’,velooityis
hign enoughto causolargeparticlesto be tornapart“*o
form smallerones. In very denseair,theprocessis
quicklycarriedto the limitsobtainablewith thejet ve-
locityused; in air at low densitiesthe jet losesits”
velocitymore slowlyand travelsfarther,but the final
effectis the same, With the apparatusused by Sassthe
spraywas caught,afterit had traveledabout8.inches,
and it may be thatthe atomizingprocesswas incomplete
at tfi.atdistance,es~e,ciallyat the lowerair densities.

..

CONGLUSIOWS

The studiesthusfar made of’thephotomicrog’raphsof
fuel spraysindicate:

That the theoryof air-streamatomization,advanced
by Dr. R. A. Castleman,jr.,appearsto be directlyappli-
cableto the atomizationof fuel spraysof the solid-injec-
tiotitype. ),.

“.’.
That at a’:~i~endistancefyornthe or.ific~,the dis-

ruptionof the jet and thedispersionof the fuel Increase
with an increasein the jet velocityor an increasein
the airdensity.

That at a givenvalueof jet velocityand air density,
the disruptionof the jet and the dispersionof the fuel

.’

-.
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increasewith &istancefromthe nozzleuntil the relative
velocitybetweenthe fuel and the air becomesso low that
the air no longertearsthe fuel apart,

That at atmosphericand subatmosphericair densities,
theremay be wide tlifferencesin the dispersionof sprays
from differentnozzlesof the samegeometricdesignbe-
causeof slightirregularitiesin thenoszlessand alsobe-
tweenthe earlyana laterparts of spraysfrom nozzles
used with automaticinjectionvalves.” At air aensities
correspondingto thosein compression-ignt.tionenginesat
the time of fuel injectionthe differe~cesare slight,

LangleyMemorialAeronauticalLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

LangleyField,Vs.,June 13, 1932*
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I@eetionpress=e,10poundspersquare$aoh
Mmherge’orgfioediameter,0.030inch
A3rdensity,1 atmosphere

rig.1 ~otomterographshowingthebreakdmaofa
fuelooluumintodrops,X3.25
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Injectionpresmre,250Zb./8q.in.
Orificediameter,0.014inch
Distticefromnozzle,5 inches

8

IQ6CtiOnpressure,120lb./sq.in.
Orificediameter.O.@O inch
Di6tancefS~ nOZz1097,5tnchea
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InJectionpressure,550lb./sq.in.
Orificediameter,0.020inch
Distancefromnozzle,5 inches
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mjectlonpresSWe,-m-~~.l~tiolno
Orificediameter,0.020inch
Distancefromnozzle,1.5itiches

$ig.2 Photomicrcgra@soffuelspraysshowingthefomatlonand
breakdownofligsmants,X 10. AU spmyscon’tinuoue,ln-
Jectedintoatrat atmosphericdensity.
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At thenosde ‘‘ ‘1 inohfrcfmnozsle ‘3 hcheo fti nozzle ‘

5 inohes from Ilossle 7.5 incboe fromnozzle 10 *S frcmnozzle

l@ectlonpreseure.100pomulspereqnereinoh
Air~enuity,1 8tuIoe@ere
RLaubeterof~leohergeorifloe,O.~ Inoh

Fig.3 Fhotauicmgrepheehodng theveriousstegeeIn thebreddown of a
lm-velooityfuelJet, II 10
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InJectlmpreamii,’
ZOOpoundspersquare
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inch
I@=tiOnpwamlre,
1O(X)poundeper aqoareInoh

DidanCe fromnozzle.5 inahes
Discharge orifloeGeter, 0.020Inch
Airdensity,1 atmo~re

~. 4 Photonricrographsdroningthe effectofinJectionpressureon ths
daulcationprooem,X 10

h.
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l@e&ion pressure,MOO poundspersquareinch
Airdeneity,1 atmosphere
Dimhargeorificediameter,0.008inch

pig.5 Silhouettephotographsof fuelspreyefrom=
automatici~eetionvalve,X 2.5
(a) startof Oprey
(b) 0.002secondafterstt& of spray

rig.
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Air’donaity,0.00526atmosphere
-’

Alr dendty, 1.0atwmimw Air density,13.3atmospWms
Injeationpresaure,1000lb./sq.bb Distanzefrcmnonxle,1.5 inches

Mmharge Lmificediemeter,0.006inch
rig. 6 Photorriiorographsshowingtheeffectof the densityof theair intowhioh

thefnelisapreyedontheatomisationWmm x 10

~“, !,,,’:;:,.:

,,,,.1
Atthenozsle 2 inchm frm nozzle 5 Inoheufromnoz~le

InJectionpreesnre,1000Lb.laq.in.Air denaitg,1 atmoaphe~ ;
Dischargeorificediame$er,0.014Inch

Mg. 7 Photmizrograph6zhowlw me atomlzatlonprocematdifferentdit3tauzeB
.
0)

fromthenozzle,X 10
.
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